The cancer-causing high-risk human papillomavirus (HPV) E6 oncoproteins target a number of cellular proteins that contain PDZ domains. However, the role of many of these interactions in either the HPV life cycle or in HPV-induced malignancy remains to be defined. Previous studies had shown that MAGI-1 was one of the most strongly bound PDZ domaincontaining substrates of E6, and one consequence of this interaction appeared to facilitate the perturbation of tight junctions (TJs) by E6. In this study, we describe the generation of a mutation, K499E, within the MAGI-1 PDZ1 domain, which is resistant to E6 targeting. This mutant allows restoration of MAGI-1 expression in HPV-positive cells and defines additional activities of MAGI-1 that are overcome as a consequence of the association with E6. The reexpression of MAGI-1 in HPV-positive cells results in an increased recruitment of ZO-1 and PAR3 to sites of cell-cell contact, repression of cell proliferation, and induction of apoptosis. While the K499E mutation does not significantly affect these intrinsic activities of MAGI-1 in HPV-negative cells, its resistance to E6 targeting in an HPV-positive setting results in more cells expressing the mutant MAGI-1 than the wild-type MAGI-1, with a corresponding increase in TJ assembly, induction of apoptosis, and reduction in cell proliferation. These studies provide compelling evidence of a direct role for the perturbation of MAGI-1 function by E6 in the HPV life cycle and in HPV-induced malignancy.
P
apillomaviruses are a large and heterogeneous group of small nonenveloped DNA viruses able to infect vertebrates, including birds and reptiles (1, 2) . The vast majority of human papillomaviruses (HPV) are causative agents of warts and self-remissive papillomas. However, a smaller group of HPV types, known as high-risk types, is associated with cancer onset in humans, where the most commonly caused malignancy is cervical cancer (3) . The pathogenesis of cervical cancer is tightly linked to the combined action of E6 and E7, which cooperate efficiently to immortalize human keratinocytes (4) and to promote tumor formation in transgenic mouse models (5, 6) . In light of this, it is not surprising that the continuous expression of E6 and E7 is a prerequisite for maintaining the proliferative potential and to prolong the survival of tumor-derived cells (7) (8) (9) (10) . The first described oncogenic functions of E6 and E7 were their abilities to interact with and promote the inactivation of the tumor suppressors p53 (11, 12) and pRB (13, 14) , respectively. However, it is clear that perturbation of other cellular factors is required for the full transforming potential of the two oncoproteins (15, 16) .
In this context, a distinctive feature of the E6 oncoproteins of high-risk HPV types is the presence of a PSD95/Dlg/ZO-1 (PDZ) binding motif (PBM) at their C terminus, which is absent from E6 proteins derived from the low-risk virus types. This PBM enables E6 oncoproteins to interact with and, perhaps more importantly, to promote the proteasome-mediated degradation of a pool of cellular PDZ-domain-containing proteins, including known regulators of cell polarity and tumor suppressors, such as hDlg (17, 18) , hScrib (19) , and members of the MAGI family of proteins (20, 21) . Studies in organotypic raft cultures of human foreskin keratinocytes (HFKs) suggested that the presence of a functional E6 PBM in the context of the whole viral genome is important for expanding the population of suprabasal S-phase competent cells, thereby producing an environment suitable for viral genome amplification (22, 23) . In addition, the E6-mediated degradation of its PDZ domain-containing substrates has also been associated with the modulation of its transforming properties. Indeed, the loss of a functional PBM was shown to correlate with a weaker propensity of E6 to promote mesenchymal-like morphological changes in immortalized keratinocytes and to induce tumor formation in nude mice (17, 24) , and a functional PBM is required to enhance the invasive potential of E6-and E7-expressing tumors in transgenic mouse models (25) . In this context, recent studies in HPV-transformed cells suggested that E6 targets a selected pool of PDZ domain-containing proteins for degradation and, among these targets, membrane-associated guanylate kinase (MAGUK) with inverted domain structure 1 (MAGI-1) appears to be a highly sensitive proteolytic substrate for both HPV-16 and -18 E6 oncoproteins (26) .
The prototype MAGUK protein is Dlg, the product of the Drosophila lethal(1)discs large-1 tumor suppressor gene, which was the first member of the MAGUK protein family to be characterized (27) . The structural features of MAGUK proteins include the presence of a basic core composed of a PDZ domain, an Src homology 3 (SH3) domain, and a guanylate kinase homology (GUK) domain, arranged in a head-to-tail orientation, with additional domains that can be present at the N terminus of the protein (28) . Members of the MAGI subfamily, MAGI-1, -2, and -3, are classified as MAGUKs, although their atypical domain composition distinguishes them from other MAGUK proteins: for instance MAGI-1 has 5 or 6 PDZ domains, depending on the isoform, a GUK domain located at the N terminus rather than at the C terminus, and two WW domains substituting the SH3 domain (29) . With regard to their interaction with high-risk E6 oncoproteins, the PBMs of HPV-16 and -18 E6 preferentially associate with the PDZ domain 1 of MAGI-1 (30) , with HPV-18 E6 displaying the stronger affinity (31, 32) . It is interesting to note that recent structural studies suggested that the lysine 499 (K499) is one of the most crucial residues of the MAGI-1 PDZ domain 1 for mediating the interaction with E6, and its mutation to glutamic acid (K499E) strongly reduced the affinity of the isolated PDZ domain for the PBM of HPV-18 E6 (32) .
Previous studies suggested that MAGI-1 can colocalize with components of adherens junctions (AJs) and tight junctions (TJs) and that its expression is likely to promote the assembly of macromolecular junctional complexes (26, 33) . In addition, MAGI-1 was also shown to interact with important signaling molecules, including the phosphatase PTEN, the RhoA-specific GEF NET1, and ␤-catenin (33, 34, 35) , suggesting that MAGI-1 can function as a modulator of multiple signaling pathways. However, so far the biological function of MAGI-1, as well as the relevance of its E6-mediated degradation in context of HPV pathology, has remained elusive. In an attempt to address this question, we generated a K499E MAGI-1 mutant in order to study its function upon expression in HPV-positive cells. We confirmed that this mutation reduces the affinity of MAGI-1 for HPV-16 and HPV-18 E6 oncoproteins, and, consistent with this, the K499E MAGI-1 mutant is less susceptible to E6-mediated degradation compared with the wild-type (wt) protein. In addition, by expressing mutant MAGI-1 in HeLa cells, we confirmed that MAGI-1 is a strong inducer of junctional assembly and that its expression strongly inhibits proliferation and induces apoptosis of HPV-positive cells. Therefore, this study provides a possible functional explanation for the targeting of MAGI-1 by E6 in the context of HPV-related pathology.
MATERIALS AND METHODS
Plasmids. pCDNA-3 FLAG-tagged MAGI-1 has been described previously (20) . The K499E MAGI-1 mutant was generated using the GeneArt site-directed mutagenesis system (Invitrogen) according to the manufacturer's instruction, using the following primers: forward primer 5=TCCT GCAGATCGAAAGCCTCGTCCTCGATGGTCCT and reverse primer 5= ACGAGGCTTTCGATCTGCAGGAACTCATCAGGCTC.
Untagged HPV-18 E6 and HPV-16 E6 pCDNA-3 expression plasmids have been described previously (18, 36) , as have the glutathione transferase (GST) fusion proteins HPV-18 E6 and HPV-16 E6 (37). pCMV MYC-tagged NET1 was described previously (38) , and hemagglutinin (HA)-tagged ␤-catenin was kindly given by Claudio Brancolini.
Cell culture and transfection. Human embryonic kidney 293 (HEK293), U2OS (human osteosarcoma), HeLa (HPV-18-positive), SiHa (HPV-16 positive), C33I (cervical carcinoma HPV-negative), H1299 (nonsmall cell lung carcinoma), HaCaT (skin keratinocytes), and HT1080 (fibrosarcoma) cells were maintained in Dulbecco's modified Eagles medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin-streptomycin (100 U/ml), and glutamine (300 g/ml).
DNA transfection in HEK293, HT1080, and H1299 cells was performed using the standard calcium phosphate precipitation protocol as described previously (39) . For DNA transfection in U2OS cells followed by immunofluorescent analysis, cells were seeded on glass coverslips at a confluence of 1.5 ϫ 10 5 and transfected using the calcium phosphate precipitation protocol followed by glycerol shock. Briefly, 5 h after the addition of the DNA precipitate, cells were treated with 15% glycerol in phosphate-buffered saline (PBS) for 1 min. Cells were then washed three times with PBS and left to grow for an additional 24 h in DMEM supplemented with 10% FBS. For DNA transfection in HeLa, SiHa, C33I, and HaCaT cells were seeded on 6-cm dishes at a confluence of 1.5 ϫ 10 5 and transfected using Fugene HD (Promega). For DNA transfection followed by immunofluorescent analysis, cells were seeded at the same confluence on glass coverslips.
Proteasome inhibitors. The proteasome inhibitor Z-Leu-Leu-Leu-Al (MG-132; Sigma) was dissolved in dimethyl sulfoxide (DMSO) and used at 50 M for 3 h.
Antibodies. The following antibodies were used: mouse monoclonal anti-HA antibody 12CA5 (Roche), mouse monoclonal anti-ZO-1 (ZO-1-1A12) (Invitrogen), and rabbit polyclonal anti-PAR3 (Millipore). The following antibodies were purchased from Santa Cruz Biotechnology: mouse monoclonal anti-p53 (DO-1), mouse monoclonal anti-␣-actin (H-2), and mouse monoclonal anti-Myc (9E10). Mouse monoclonal M2 anti-FLAG antibody (F3165) and rabbit polyclonal anti-FLAG (F7425) antibodies were from Sigma.
Western blotting and immunoprecipitation. For Western blot sample preparation, cells were lysed in 2ϫ SDS sample buffer (100 mM Tris HCl [pH 6.8], 200 mM dithiothreitol [DTT], 4% SDS, 20% glycerol, 0.2% bromophenol blue) and the whole-cell extracts were separated by SDS-PAGE and blotted on 0.22-m nitrocellulose membranes (Schleicher & Schuell). The membranes were blocked at 37°C for 1 h in 10% milk-PBS and incubated with the appropriate primary antibodies diluted in 10% milk-PBS 0.5%-Tween 20 for 1 to 2 h at room temperature. After several washes, the membranes were incubated with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibody (Dako) for 1 h at room temperature. After extensive washing, the blots were developed with ECL (GE Healthcare) according to the manufacturer's instructions. Protein band intensities were quantitated where possible using the OptiQuant quantification program.
For coimmunoprecipitation experiments, cells were scraped in icecold PBS and extracted in lysis buffer (1% Triton X-100, 50 mM Tris [pH 7.5], 300 mM NaCl, 1 mM EGTA, 1 mM EDTA) supplemented with protease inhibitors (Set1; Calbiochem). The extracts were passed through a 26-gauge needle multiple times and then cleared by centrifugation. Extracts from cells expressing FLAG-tagged MAGI-1 constructs were incubated with anti-FLAG beads (Sigma) for 2 to 3 h on a rotating wheel at 4°C. For the immunoprecipitation of MYC-tagged NET1, cell extracts were incubated with the MYC antibody or the control antibody for approximately 3 h on a rotating wheel at 4°C. Protein A-Sepharose beads (GE Healthcare) were then added for an additional 60 min at 4°C. The beads were then extensively washed, and the immunoprecipitated proteins were analyzed by Western blotting.
Fusion protein purification and in vitro binding assays. GST-tagged fusion proteins were expressed and purified as described previously (37) . Briefly, 40 ml of an overnight culture of Escherichia coli strain DH5␣ previously transformed with the appropriate expression plasmids was inoculated into Luria broth containing ampicillin (75 g/ml) and grown at 37°C up to an optical density of 395 nm (OD 395 ) of 0.6. Recombinant protein expression was induced for 3 h with 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG; Sigma). The cells were harvested by centrifugation and disrupted by sonication in lysis buffer (1% Triton X-100 -1ϫ PBS), and the lysates were cleared of cell debris by centrifugation. The GST fusion proteins were then incubated for 1 h with glutathione-conjugated agarose beads at 4°C. The purity of all fusion proteins was determined by SDS-PAGE and Coomassie brilliant blue R (Sigma) staining.
For in vitro binding and degradation assays, proteins were transcribed and translated in vitro in rabbit reticulocyte lysate using the Promega TNT system according to the manufacturer's instructions. The HPV-18 and HPV-16 E6 proteins were radiolabeled with [
35 S]cysteine, while MAGI-1 proteins were radiolabeled with [
35 S]methionine. Equal amounts of in vitro-translated proteins were added to GST fusion proteins bound to glutathione resin and incubated for 1 h at 4°C. After extensive washing with PBS containing 0.5% NP-40, the bound proteins were analyzed by SDS-PAGE and autoradiography.
For GST pulldown assays using cell extracts, FLAG-tagged wild-type and K499E mutant MAGI-1 were transfected into HEK293 cells. Twentyfour hours after transfection, cells were scraped in ice-cold PBS and extracted in lysis buffer (1% Triton X-100, 50 mM Tris [pH 7.5], 300 mM NaCl, 1 mM EGTA, 1 mM EDTA) supplemented with protease inhibitors (Set1; Calbiochem). The extracts were then passed through a 26-gauge needle multiple times and cleared by centrifugation. Extracts from cells expressing FLAG-tagged MAGI-1 constructs were incubated with the indicated GST fusion proteins for 1 to 2 h on a rotating wheel at 4°C. The beads were then extensively washed, and the immunoprecipitated proteins were analyzed by Western blotting.
In vivo degradation assays. HEK293 cells were transfected with 1 g of either wild-type or K499E MAGI-1 constructs along with 0.3 g of LacZ. pCDNA3 HPV-18 E6 plasmid was also included at increasing concentrations: 2, 5, 10 g. Twenty-four hours posttransfection, the cells were harvested and analyzed by Western blotting.
In vitro degradation assays. Degradation assays were performed as previously described (30) . Briefly, radiolabeled proteins were mixed and incubated for the indicated times at 30°C. Volumes were adjusted using water-primed lysate. The residual MAGI-1 proteins were analyzed by SDS-PAGE and autoradiography.
Immunofluorescence microscopy and EdU staining. Cells were fixed with 3.7% paraformaldehyde in PBS for 20 min and permeabilized with 0.1% Triton X-100 in PBS for 5 min. Slides were incubated with primary antibodies for 2 h at 37°C, extensively washed in PBS, and incubated for 30 min at 37°C with secondary anti-rabbit or anti-mouse antibody conjugated to fluorescein or rhodamine (Molecular Probes). Samples were washed several times with water and mounted with Vectashield mounting medium (Vector Laboratories) on glass slides. Slides were analyzed with either a Leica DMLB fluorescence microscope with a Leica photo camera (A01M871016) or a Zeiss LSM 510 confocal microscope with two lasers giving excitation lines at 480 and 510 nm. The data were collected with a 60ϫ objective oil immersion lens.
For EdU staining, cells were seeded on glass coverslips and transfected with FLAG-tagged wild-type or K499E mutant MAGI-1 constructs. Twenty-four hours after transfection, EdU was added to the culture medium at a final concentration of 20 M for 2 h. After labeling, cells were fixed with 3.7% paraformaldehyde in PBS for 20 min and permeabilized with 0.1% Triton X-100 in PBS for 5 min. Primary antibodies were incubated for 2 h at 37°C, extensively washed in PBS, and incubated for 30 min at 37°C with secondary anti-rabbit or anti-mouse antibody conjugated to fluorescein or rhodamine (Molecular Probes). After several washes in PBS, incorporated EdU was detected by incubating coverslips with the reaction mix solution [5 mM (ϩ)-Na L-ascorbate (Sigma), 1 mM copper sulfate, 0.05 mM 6-carboxyfluorescein-TEG azide] for 30 min at room temperature. Samples were washed several times with water and mounted with Vectashield mounting medium (Vector Laboratories) on glass slides. Slides were analyzed with a Zeiss LSM 510 confocal microscope with two lasers, giving excitation lines at 480 and 510 nm. The data were collected with a 60ϫ objective oil immersion lens.
Terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) assays. Cells were seeded on glass coverslips and transfected with FLAG-tagged wild-type or K499E mutant MAGI-1 constructs. Twenty-four hours after transfection, cells were fixed with 3.7% paraformaldehyde in PBS for 20 min and permeabilized with 1ϫ PBS-0.1% sodium citrate and 0.1% Triton X-100 for 5 min. The coverslips were incubated with the rabbit polyclonal FLAG antibody for 2 h at 37°C, followed by incubation with the rhodamine-conjugated anti-rabbit antibody (Molecular Probes) for 30 min at 37°C. After several washes in PBS, apoptotic cells were detected using the fluorescein-conjugated in situ cell death detection kit (Roche) according to the manufacturer's instructions. Samples were washed several times with water and mounted with Vectashield mounting medium (Vector Laboratories) on glass slides. Slides were analyzed with a Zeiss LSM 510 confocal microscope, with two lasers giving excitation lines at 480 and 510 nm. The data were collected with a 60ϫ objective oil immersion lens.
RESULTS
The K499E mutation reduces MAGI-1 affinity for E6. The fact that MAGI-1 is a sensitive proteolytic substrate of E6 prompted us to perform a more detailed analysis of its possible function in the context of HPV pathology, and we reasoned that using a MAGI-1 mutant that was resistant to E6 targeting might be one way to do this. We made use of previous studies showing that E6 interacts with MAGI-1 specifically through its PDZ domain 1 (30) and of the more recent structural data defining lysine 499 (K499) as a critical residue within the PDZ1 domain for mediating interaction with E6 (32) . However, these studies were not performed in the context of either the full-length E6 or MAGI-1 proteins, nor did they assess the impact of the K499E mutation on the susceptibility of MAGI-1 to E6-directed degradation. In an attempt to address these points, we introduced the K499E mutation into the fulllength MAGI-1 cDNA. For this purpose, a FLAG-tagged wild-type MAGI-1 (M1wt) expression construct was used as a template to generate the K499E MAGI-1 mutant (M1K499E) by site-directed mutagenesis. Figure 1a shows a comparison between the protein sequences of the wild-type and the K499E MAGI-1 PDZ1 domain, and the structural elements of the PDZ domain that mediate the interaction of MAGI-1 with its PBM-containing partners are highlighted. Once the FLAG-tagged M1K499E was generated, we first wanted to verify that the wild-type and mutant MAGI-1 proteins were expressed at comparable levels. To assess this, HEK293 cells were transiently transfected with the two constructs. Twentyfour hours after transfection, cells were harvested and the MAGI-1 expression levels were analyzed by SDS-PAGE and Western blotting using anti-FLAG antibody. As can be seen in Fig. 1B , wildtype and mutant MAGI-1 proteins are expressed at comparable levels in HEK293 cells, suggesting that the K499E mutation does not alter the steady-state levels of MAGI-1. In order to test whether the K499E mutation could indeed reduce the affinity of MAGI-1 for HPV-16 and -18 E6 oncoproteins, we first performed GST pulldown assays. To do this, HPV-16 and -18 E6 were expressed as GST fusion proteins and purified using glutathionecoated agarose beads. The beads were incubated for 1 h at 4°C with cell extracts from HEK293 cells that had been transiently transfected with either the M1wt or M1K499E expression plasmids. After extensive washing, the amount of MAGI-1 bound to GST-E6 was assessed by SDS-PAGE and Western blotting using anti-FLAG antibody. As can be seen in Fig. 1C , GST-18 E6 bound strongly to M1wt and retained about 70% of the input protein, whereas the K499E mutation exhibited a dramatically reduced ability to interact with E6. Similar results were also obtained with GST-16 E6 (Fig. 1D) , although the wild-type MAGI-1 was bound less efficiently by HPV-16 E6 compared with HPV-18 E6, and this is in agreement with previous studies (30) . These results confirm that the K499 residue within the MAGI-1 PDZ1 domain is important for the recognition of MAGI-1 by both the HPV-16 and -18 E6 oncoproteins.
The MAGI-1 K499E mutant is resistant to E6-mediated degradation. To determine whether the reduced ability of E6 to interact with the MAGI-1 K499E mutant also resulted in decreased rates of degradation, we first compared the relative susceptibilities of wild-type and mutant MAGI-1 to E6-mediated degradation in vitro. To do this, the two MAGI-1 proteins were in vitro translated in the presence of 35 S-labeled methionine and then incubated at 30°C for different periods of time with in vitro translated and radiolabeled HPV-16 and -18 E6, and the pattern of MAGI-1 expression was assessed by SDS-PAGE and autoradiography. The results in Fig. 2A show that the levels of wild-type and mutant MAGI-1 are stable over a period of 120 min when incubated in the absence of E6. In contrast, wild-type MAGI-1 was degraded upon the addition of HPV-16 or -18 E6, with HPV-18 E6 being the most efficient (30). Consistent with the reduced level of interaction, M1K499E was also significantly more resistant to E6-mediated degradation, although low levels of degradation were observed at the later time points, which is consistent with the residual binding of E6 to the K499E mutant. mutation. Elements of secondary structure that compose the PDZ1 are also shown (␤A to ␤E, ␤-strands A to E; ␣A and ␣B, ␣-helix A and B), and those involved in the interaction with E6 and other target proteins are highlighted in red (adapted from Fournane et al. [32] ). (B) HEK293 cells were transfected with 1 g of FLAG-tagged wild-type or mutant MAGI-1 expression plasmids and grown for 24 h prior to harvesting. The levels of MAGI-1 expression were assessed by Western blotting. ␤-Galactosidase was included to monitor the transfection efficiency. (C and D) Extracts from HEK293 cells transfected with 3 g of wild-type or mutant MAGI-1 expression plasmids were subjected to GST-pulldown assays with the indicated GST fusion proteins, and bound MAGI-1 was detected by Western blotting using anti-FLAG antibody. Numbers represent the percentage of wild-type and mutant MAGI-1 proteins bound to the indicated GST fusion protein relative to the input control. The lower panel shows the Ponceau staining of the membrane, confirming the equal loading of GST proteins.
To investigate whether similar results could also be obtained in vivo, we compared the steady-state levels of FLAG-tagged wildtype and mutant MAGI-1 in HEK293 cells when expressed alone or in combination with increasing amounts of HPV-18 E6. The results are shown in Fig. 2B , and, as can be seen, in good agreement with the in vitro assay, M1wt was highly susceptible to E6-induced degradation, whereas the K499E mutant was significantly more resistant. We then wanted to know whether the K499E mutant was resistant to E6 targeting in the more physiologically relevant setting of cervical cancer-derived cells that express endogenous levels of E6 oncoprotein. To address this point, we expressed the FLAGtagged MAGI-1 constructs in HeLa cells. Twenty-four hours after transfection, cells were left untreated or treated with the proteasome inhibitor MG-132 for an additional 3 h before harvesting, in order to determine whether differences in the MAGI-1 level of expression were due to proteasomal degradation. Total cell extracts were separated by SDS-PAGE, and the patterns of MAGI-1 and, for comparison, of p53 expression were analyzed by Western blotting. As can be seen in Fig. 2C , MG-132 treatment produced a strong recovery in the levels of p53 expression, confirming the efficient inhibition of the proteasome. In agreement with our degradation assays in HEK293 cells, the expression levels of the K499E mutant in HeLa were significantly higher than those of the wildtype protein, again reflecting their differential susceptibility to HPV-18 E6-mediated degradation. Proteasome protection produced an increase in the levels of expression of both M1wt and M1K499E, confirming that M1K499E is nonetheless still susceptible to HPV-18 E6-mediated degradation, although to a much lesser extent than the wild-type MAGI-1.
The K499E mutation perturbs the functionality of MAGI-1 PDZ1 but does not affect its subcellular localization. As can be seen from Fig. 1A , the K499 residue maps to the MAGI-1 PDZ1 domain in its ␤-strand C, one of the structural components in close proximity to the substrate-binding groove of the PDZ domain (32, 40) , indicating that the alteration of this domain could potentially perturb the functionality of the PDZ domain rather than selectively block the interaction with E6. Several PBM-containing cellular proteins have been identified as potential binding partners for MAGI-1 PDZ1, although only the Rho GEF NET1 has been confirmed in vivo (34, 41) . To determine whether the K499E MAGI-1 mutation affected the overall functionality of the PDZ1 domain, we monitored the interaction of M1wt and M1K499E with NET1 by coimmunoprecipitation. To do this, HEK293 cells were transiently transfected with the FLAG-tagged M1wt and M1K499E constructs, either alone or in combination with MYCtagged NET1. After 24 h, the cells were harvested and cell extracts were immunoprecipitated using anti-MYC antibody, and the coimmunoprecipitated M1wt and M1K499E were detected by Western blotting using anti-FLAG antibody (Fig. 3A) . The results of these assays demonstrate that wild-type MAGI-1 specifically coimmunoprecipitates with NET1, confirming previous results (34) . In contrast, the interaction between NET1 and the K499E mutant was significantly reduced, suggesting that this mutation does introduce structural changes into the substrate binding groove of the PDZ1 domain so that the ability of MAGI-1 PDZ1 to interact with the PBM of NET1 is perturbed.
Since the K499E mutation might affect the functionality of the PDZ1 domain toward some MAGI-1 binding proteins, we proceeded to investigate whether this might also impinge on the pattern of MAGI-1 subcellular localization, as the integrity of the MAGI-1 PDZ domains has been reported to be important for membrane targeting (33, 42) . A previously identified membranebound interaction partner of MAGI-1 is ␤-catenin, and although the binding site for ␤-catenin is spatially segregated from the PDZ1 domain, as it interacts with the PDZ5 domain of MAGI-1 (33), we speculated that this association could be a marker to indirectly test the functionality of the K499E MAGI mutant. We repeated the coimmunoprecipitation experiments in HEK293 cells by overexpressing HA-tagged ␤-catenin alone or in combination with the FLAG-tagged M1wt or M1K499E constructs. After 24 h, cells were harvested and M1wt and M1K499E were immunoprecipitated by incubating cell extracts with anti-FLAGconjugated agarose beads. Coimmunoprecipitated ␤-catenin was detected by Western blotting using anti-HA antibody, and the results of this assay are shown in Fig. 3B . As can be seen, ␤-catenin coimmunoprecipitated with similar efficiencies with both the wild-type and mutant MAGI-1, suggesting that the interaction between ␤-catenin and MAGI-1 is not affected by the K499E mutation and further suggesting that MAGI-1 membrane targeting is also unaffected. To confirm this, we also compared the expression pattern of wild-type and mutant MAGI-1 by immunofluorescence analysis. To do this, FLAG-tagged M1wt and M1K499E were transfected into U2OS cells, and, after 24 h, the cells were fixed and stained with anti-FLAG antibody. As can be seen from Fig. 3C , and in agreement with previous studies (33), wild-type MAGI-1 displayed a differential pattern of subcellular localization, with different pools of MAGI-1 detectable in the nucleus as well as in the cytoplasm of transfected cells, whereas a prominent membrane staining was also apparent in cells forming intercellular junctions, where it has also been shown previously to colocalize with ␤-catenin (33). In good agreement with the ␤-catenin coimmunoprecipitation experiments, the subcellular distribution of M1K499E was very similar to the wild-type protein, confirming that the K499E mutation does not adversely affect the subcellular distribution of MAGI-1. Taken together, these data suggest that the K499E mutation, which blocks HPV-16 and -18 E6 recognition, is also likely to affect the ability of MAGI-1 to interact with its cellular partners that also recognize the PDZ1 domain. However, the K499E mutation does not appear to affect the subcellular localization of MAGI-1.
The K499E mutation potentiates the ability of MAGI-1 to establish tight junctions in HeLa cells. MAGI-1 has been shown to have an important role in the establishment of TJs, promoting the recruitment of TJ-associated proteins such as ZO-1 and occludin (41) , and recently the silencing of HPV-18 E6 in HeLa cells was shown to promote the junctional accumulation of ZO-1 through MAGI-1 (26). These observations prompted us to investigate whether the expression of MAGI-1 was sufficient to promote the junctional recruitment of TJ-associated proteins in HeLa cells and to define whether the K499E mutant could potentiate this activity of MAGI-1. To do this, we decided to monitor the expression pattern of the TJ-associated proteins ZO-1 and PAR3 (43, 44) . HeLa cells were grown on glass coverslips and transfected with the FLAG-tagged MAGI-1 constructs; 24 h after transfection, cells were fixed and the expression patterns of MAGI-1, ZO-1, and PAR3 were analyzed by confocal microscopy. In order to evaluate whether the expression of M1wt and M1K499E could confer an advantage in terms of junctional assembly, we counted the cells in multiple confocal fields of transfected and untransfected HeLa cells until at least 100 FLAG-positive cells were analyzed. Within each sample, HeLa cells were divided into subpopulations based on their positivity for the FLAG staining (MAGI-1 transfected or untransfected) and on their ability to form ZO-1 and PAR3-positive cellular junctions. As can be seen in Fig. 4A , only a few HeLa cells display junctional ZO-1 staining, and a similar pattern of staining was also observed for PAR3 (Fig. 4B) , suggesting that HeLa cells are largely unable to form intact cellular junctions. This was confirmed by cell counts: within the untransfected cell population, about 10 to 20% of HeLa cells displayed ZO-1-and PAR3-positive junctional staining (Fig. 5A) . In contrast, the expression of wild-type or mutant MAGI-1 significantly increased the junctional recruitment of both ZO-1 and PAR3 with similar efficiency (Fig. 4 and 5A [P ϭ 0.0009]). Furthermore, compared with the wild-type MAGI-1, the K499E mutant was present in a much higher percentage of HeLa cells (Fig. 4A and B and 5B [P Ͻ 0.0001]), which is consistent with its increased resistance to E6- mediated degradation. This increased proportion of K499E MAGI-1-expressing cells was also reflected in the fact that when ZO-1-positive (P Ͻ 0.001) and PAR3-positive (P Ͻ 0.0001) cells were scored as a percentage of the total cell population, then HeLa cells transfected with the mutant MAGI-1 showed a significant increase over the wild-type MAGI-1-transfected cells (Fig. 4A and B and 5C). However, there did not appear to be any significant correlation between the strength of MAGI-1 staining and the level of ZO-1/PAR3 junctional recruitment. This is most likely a reflection of the fact that junctional recruitment of ZO-1 and PAR3 can be continuous between some cells, indicating fully established TJs, while in other cases it has a more bead-like appearance, indicating TJs that are still in the process of assembly.
These data suggest that wild-type and mutant MAGI-1 proteins display comparable efficiencies in recruiting ZO-1 and PAR3 to cell contact sites. However, the resistance of the K499E mutant to E6-mediated degradation increases the number of HeLa cells expressing this mutant, which in turn increases the numbers of cells with intact cell-cell junctions, confirming that MAGI-1 expression enhances the ability of HeLa cells to form junctional complexes.
A well-known effect associated with the establishment of junctional complexes is the inhibition of cell proliferation (45) (46) (47) . Previous studies indicated that both ZO-1 and PAR3 can inhibit cell proliferation when localized at cell contact sites by modulating the activity of multiple proteins implicated in G 1 /S cell cycle transition (47, 48) . Therefore, having shown that the expression of K499E mutant MAGI-1 can increase the junctional recruitment of ZO-1 and PAR3, we were interested in determining whether this could also affect cell proliferation in HPV-18-positive HeLa cells and HPV-16-positive SiHa cells. To do this, we labeled proliferating cells with the thymidine analogue 5-ethynyl-2=-deoxyuridine (EdU), which allows the visualization of proliferating cells while not affecting the overall structural integrity of the cell (49) . HeLa and SiHa cells were grown on glass coverslips and transfected with the FLAG-tagged M1wt and M1K499E constructs. Twenty-four hours posttransfection, and prior to fixation, the cells were pulsed with EdU for an additional 2 h, and the pattern of MAGI-1 and ZO-1 expression and the proportion of EdU-positive cells were visualized by confocal microscopy. As can be seen in Fig. 6A and D, a high proportion of cells display positive nuclear EdU staining. The expression of wild-type MAGI-1 led to a decrease in the EdU staining, with fewer than 5% of HeLa cells staining positive for both MAGI-1 and EdU, while over 70% of the nontransfected cells stained positive for EdU (Fig. 6B) . In SiHa cells, around 40% of nontransfected cells were positive for EdU, and this was reduced to around 1% in the wild-type MAGI-1-expressing cells (Fig. 6D) . In contrast, the K499E mutant did not have such a dramatic effect upon cell proliferation as the wild-type MAGI-1, although the number of EdU-positive cells was still much lower than the number of nontransfected cells, with approximately 20% of K499E-expressing HeLa cells and 7% of K499E-expressing SiHa cells retaining EdU positivity ( Fig. 6B and D) . This suggests that the integrity of the MAGI-1 PDZ1 domain contributes toward the ability of MAGI-1 to inhibit cell proliferation in HPV-positive cells. However, when EdU positivity is scored as a percentage of the total cell population, the greater proportion of cells expressing K499E is also reflected in a significant increase in the overall population of EdU-negative cells (P Ͻ 0.001), with approximately 15% of the total HeLa cell population and 21% of the SiHa cell population being EdU negative in the wild-type MAGI-1-transfected cells, while this increases to over 30% in the K499E-transfected HeLa and SiHa cells (Fig. 6C and D) . We also compared the EdU positivity with the ability of MAGI-1 to induce ZO-1 junctional accumulation, and it can be seen from Fig. 6A that wild-type MAGI-1 both inhibited EdU positivity and stimulated ZO-1 junctional accumulation; however, the K499E mutant, although stimulating ZO-1 junctional recruitment, still showed evidence of EdU positivity in some cells, suggesting that the capacity of MAGI-1 to induce ZO-1 junctional recruitment in HeLa cells is separate from its ability to inhibit EdU incorporation.
Taken together, these data suggest that MAGI-1 is a negative regulator of cell proliferation and that its expression is capable of reducing the proportion of HPV-16-and HPV-18-positive proliferating cells. However, this regulation of proliferative potential in HPV-positive cells appears to be independent of MAGI-1's ability to restore TJs, since it seems to depend, at least in part, upon an as-yet-unidentified function associated with the MAGI-1 PDZ1 domain.
To assess whether MAGI-1 can inhibit cell proliferation in HPV-negative cells, we repeated the EdU staining following transfection of wild-type and K499E MAGI-1 into H1299 cells (p53-negative non-small cell lung carcinoma derived), HaCaT keratinocytes, and HPV-negative C33I cervical carcinoma-derived cells. The results in Fig. 7 demonstrate that, in comparison with their effects in HPV-positive cells, the two MAGI-1 proteins produced much weaker effects on cell proliferation in H1299 (Fig. 7A ) and HaCaT and C33I (Fig. 7E) , where both the wt and mutant MAGI-1 reduced the percentage of EdU-positive cells from approximately 70% in the nontransfected H1299 cells to approximately 50% in the MAGI-1 expressing cells (Fig. 7B) , from over 50% in nontransfected HaCaT cells to around 40% in the MAGI-1-expressing cells (Fig. 7E) and from 70% in the nontransfected C33I cells to approximately 50% in the MAGI-1-expressing cells (Fig. 7E) . Consistent with the lack of E6 in H1299 and HaCaT cells, both MAGI-1 proteins were expressed at similar levels, and when the EdU positivity was scored across the total cell population there was no significant difference between the MAGI-1 proteins (Fig. 7C, D, and E) . Similar results were also obtained in the HPV-negative U2OS and HT1080 cells (data not shown).
MAGI-1 induces apoptosis in HeLa cells. The examination of HeLa cells following transfection of the MAGI-1 expression plasmids suggested a possible involvement of this protein in the regulation of apoptosis, since a proportion of the MAGI-1-expressing HeLa cells had morphological features resembling those of cells undergoing apoptosis, including blebbing and rounding up of the cells (50) . Therefore, to determine whether the expression of wildtype and K499E mutant MAGI-1 could promote apoptosis of HeLa cells, we monitored their pattern of DNA fragmentation by performing terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) assays. We also included HT1080 and H1299 cells in the analysis, to determine whether MAGI-1 could also induce apoptosis in HPV-negative cells. Cells were seeded on glass coverslips and transfected either with wildtype or K499E MAGI-1 constructs. Since the induction of DNA fragmentation is a rather late event during induction of apoptosis (51), TUNEL assays were performed 48 h after transfection. The cells were then fixed, and the pattern of wild-type and K499E mutant MAGI-1 expression as well as the number of cells positive for the TUNEL reaction were assessed by immunofluorescence and confocal microscopy. Results are shown in Fig. 8 and, as can be seen, untransfected HeLa (Fig. 8A) and to a much lesser extent HT1080 (Fig. 8B ) cells showed low levels of apoptosis, with approximately 10% of control transfected HeLa cells showing TUNEL staining (Fig. 9A) . The expression of wild-type and mutant MAGI-1 led to the appearance of MAGI-1/TUNEL-positive cell subpopulations in HeLa cells (Fig. 8A ) in 40 to 50% of the MAGI-1-positive cells (Fig. 9A) but not in HT1080 (Fig. 8B ) or H1299 cells (data not shown). While there was little difference in the induction of apoptosis between MAGI-1 wt and the K499E mutant (Fig. 9A) , the increased proportion of cells expressing E6-resistant K499E (P Ͻ 0.001) (Fig. 9B) again produced a significant effect upon the total cell population (P Ͻ 0.001) (Fig. 9C) . Therefore, these data indicate that the increased resistance of K499E mutant MAGI-1 to E6-mediated degradation also correlates with an increased induction of apoptosis.
DISCUSSION
Previous studies had highlighted the potential of the MAGI-1 K499 residue to be critical for the ability of HPV-16 and HPV-18 E6 to recognize the MAGI-1 PDZ1 domain (32) . By generating the K499E mutation in the context of the full-length MAGI-1 protein, we were able to significantly perturb the recognition of MAGI-1 by both HPV-16 and HPV-18 E6. This, in turn, resulted in a reduced ability of E6 to induce the proteasome-mediated degradation of MAGI-1, both in vitro and in vivo. Most importantly, this allowed us to reexpress the MAGI-1 protein in HPV-positive cells, under conditions where the wild-type MAGI-1 protein would normally be degraded by E6. These studies now provide compelling evidence for the functional relevance of the E6 -MAGI-1 in- teraction in the regulation of cell-cell contact, proliferation, and apoptosis.
While previous studies had suggested that the K499E mutant could specifically inhibit HPV-16 and HPV-18 E6 recognition of the MAGI-1 PDZ1 domain (32) , it was nonetheless important to ascertain its effects upon the ability of MAGI-1 to interact with its known cellular interacting partners. One such binding partner is NET1 (34) , which is an RhoA-specific guanine nucleotide exchange factor involved in a number of cancer-associated biological processes, including cell migration, proliferation, and matrix invasion (52, 53) . By performing coimmunoprecipitation assays, we confirmed that NET1 is a binding partner for wild-type MAGI-1 in vivo and also that the K499E mutation strongly affects the interaction of MAGI-1 with NET1. This suggests that this mutation has a general effect upon the functional integrity of the MAGI-1 PDZ1 domain. However, this does not seem to affect MAGI-1's ability to interact with other PBMcontaining targets, such as ␤-catenin, nor to adversely affect its membrane localization.
The generation of the K499E MAGI-1 thus provided a valuable tool for exploring its role in the context of HPV-transformed cells, since it allowed us to evaluate the effects of reintroducing MAGI-1 protein into HPV-positive cells without the need to silence E6 and E7 expression and thereby generate a range of potentially unrelated effects. By transiently expressing wild-type and mutant MAGI-1 in HeLa cells, we confirmed that MAGI-1 reexpression alone is sufficient to drive TJ reassembly in these cells, which was assessed by monitoring the expression of ZO-1 and another TJ marker, PAR3. However, both ZO-1 and PAR3 have a dynamic pattern of junctional localization and have been shown to colocalize with AJ components during the induction of primordial AJ structures following initial cell-cell contact (54, 55) . Therefore, at this stage, we cannot rule out the possibility that the ZO-1-and PAR3-positive junctional structures observed in MAGI-1-expressing cells are indeed primordial AJs. Nevertheless, these data demonstrate that MAGI-1 directly participates in the establishment of macromolecular complexes that localize at the TJ plaque. PAR3 is part of the PAR complex which localizes and controls the maturation of TJs, and PAR3 is one of the prime regulators of TJ formation. Thus, the fact that MAGI-1 enhances PAR3 junctional localization strongly suggests the involvement of MAGI-1 in the establishment of cell polarity by inducing the formation of apical junctional structures (56) . These results demonstrate that the loss of TJs in HPV-18-positive HeLa cells is a direct consequence of the ability of E6 to direct the degradation of MAGI-1 and might provide an explanation as to why this protein is targeted by the virus during the life cycle and malignant progression.
TJs play an important role in differentiation where their correct assembly promotes the exit from the cell cycle and contributes to keratinocyte differentiation (46, 57, 58) . Loss of TJs can therefore be expected to delay the differentiation process. In addition, TJs directly participate in the regulation of cell proliferation by modulating signaling cascades such as MAPK, PKB/Akt, and RhoA signaling (35, 47, 59) . Interestingly, both ZO-1 and PAR3 are believed to be involved in controlling cell proliferation; while ZO-1 binds and sequesters the transcription factor ZONAB/ DbpA at the cell membrane (45), PAR3 is believed to potentially regulate cell proliferation through the modulation of the p53-binding partner ASPP2 (47) . In our cell proliferation assays, we found that the expression of wild-type MAGI-1 had dramatic effects upon the proliferative potential of both HeLa and SiHa cells. Unexpectedly, the effects on cell proliferation were somewhat independent of the junctional recruitment of ZO-1 and PAR3, since the K499E mutant was as effective as wild-type MAGI-1 in promoting TJ formation but somewhat weaker at inhibiting cell proliferation in HPV-positive cells. An intriguing possibility is that MAGI-1 might regulate cell proliferation, at least in part, through the modulation of RhoA activity. This is supported by the fact that MAGI-1 interacts with the RhoA-specific activator NET1 through the PDZ1 domain and that MAGI-1 had already been shown to modulate the activity of another small GTPase, Rap1, with consequent stabilization of vascular-endothelial cell adhesion struc- tures (60, 61) . In addition, both RhoA and NET1 have already been described as positive regulators of cell cycle progression (53, 62) , and the decreased ability of the K499E mutant MAGI-1 to inhibit cell proliferation would then be consistent with its reduced capacity to interact with NET1. It is also interesting to note that recent studies have shown that NET1 is localized mainly in the nucleus of epithelial cells, where its activity is required to maintain RhoA in an active GTP-bound state (38, 63) . Although how MAGI-1 can modulate NET1 activity is still unclear, these data suggest one biological function for nuclear MAGI-1 in regulating cell proliferation through NET1/RhoA and provides an explanation as to why such nuclear pools of MAGI-1 might be targeted by E6 (26) .
Our data also suggest a new function for MAGI-1 in the control of apoptosis in HPV-positive cells. We hypothesized a possible involvement of MAGI-1 in the regulation of apoptosis, since MAGI-1-positive HeLa cells often display a morphology typically associated with apoptosis. To investigate this, we performed TUNEL assays on HeLa cells transiently transfected either with wild-type or K499E MAGI-1 expression plasmids. Our data suggest that both the wild-type and mutant MAGI-1 can promote apoptosis in HeLa cells. It is also interesting to note that the K499E mutant MAGI-1 displayed an efficiency of apoptosis induction that was comparable to that of the wild-type protein. Therefore, this indicates that the regulation of apoptosis by MAGI-1 is not dependent upon functions associated with the PDZ1 domain. Furthermore, as for the induction of junctional assembly, the increased resistance of the K499E mutant MAGI-1 to E6-mediated degradation also correlated with an increased subpopulation of HeLa cells undergoing apoptosis. In contrast, the effects of MAGI-1 on cell proliferation and apoptosis were much less pronounced in a number of HPV-negative cell lines.
Since MAGI-1 is the most strongly bound PDZ domain-containing target of the high-risk HPV E6 oncoproteins, one would expect it to be of significant biological relevance to the virus. Our studies demonstrate that the E6 interaction with MAGI-1 has diverse biological consequences for the HPV-infected cell. Perturbation of TJ assembly and the consequent alteration of polarity and cell-cell contact is one such chain of consequences. However, independent of this activity, E6 would also appear to perturb MAGI-1 function as a means of increasing cell proliferation and avoiding apoptosis. Understanding how MAGI-1 contributes to the regulation of cell proliferation and apoptosis is now a subject for further analysis.
